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 The Piwi-piRNA pathway is an RNA interference pathway that is 
conserved across eukaryotes; it is involved with the maintenance of genomic 
stability through its actions on the germline. We have studied the relationship 
between a protein complex involving factors in the Piwi-piRNA pathway, Piwi and 
Aubergine, and the Hsp90-Hop-Hsp70 molecular chaperone machinery. Through 
a series of in vitro experiments and previous data, we have shown that an 
interaction between Piwi, Hop, and Hsp90 occurs, when all three proteins are 
present. Shedding light on this interaction could give us insight on how the Piwi-
piRNA pathway functions. Through in vivo experiments performed, we have 
shown that germline knockdowns of Hop, Hsc70-4, and Hsp83 have impacts on 
the Piwi-piRNA pathway’s ability to perform its function suppressing transposable 
elements.  
 Through deep sequencing of the total small RNA population present under 
a Hop germline knockdown, as well as analysis of the population of piRNAs 
bound to Piwi when Hop is knocked down, we have shown the first evidence of 
molecular chaperone involvement in both the biogenesis and the loading of 
piRNAs onto Piwi.  
 This work will help to elucidate the function of the Piwi-piRNA pathway in 
Drosophila melanogaster. We aim to continue this work by performing deep 
sequencing experiments on the Hsc70-4 and Hsp83 germline knockdown 




 The Piwi-piRNA pathway functions to protect animal genomes primarily 
through the silencing of transposable elements. The complete mechanism of 
Piwi-dependent transposable element silencing has yet to be elucidated. The 
Piwi-piRNA pathway and its components are evolutionarily conserved throughout 
eukarya, and understanding the way it silences and guards our genomes has 
imp l i ca t i ons on t he 
process of c lassical 
evolution itself, aging, 
and the role it plays in 
the development and 
proliferation of cancer3,26.  
 O u r l a b h a s 
shown that in Drosophila 
melanogaster, there is 
an interaction between Hop (the Hsp90/Hsp70 Organizing Protein) and Piwi1 the 
PIWI family protein that functions in the nucleus to perform the piRNA pathway’s 
function. The functionality and mechanism of this interaction has yet to be 
characterized, and may provide an exciting new piece to the puzzle of how the 
PIWI family proteins maintain genomic integrity. Molecular chaperones function to 
ensure that translated proteins are folded efficiently and correctly. Heat shock 
proteins are the most common form of molecular chaperones; they are involved 
 
Figure 1:  Illustration of the working hypothesis. The asymmetric association 
of the heat shock components with the piRNA pathway. The proposed 
complex, linking Aub and Piwi through Hop, may be a necessary intermediate 
for the loading of piRNAs produced by the secondary biogenesis pathway, 
onto Piwi after which Piwi would be translocated to the nucleus and 
Aubergine will remain in the cytoplasm. 
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in cellular stress events and are often misregulated and/or function to enhance 
the proliferation of cancer cells. Hsp90 and Hsp70 are two of the most well-
characterized molecular chaperones, and Hop is the co-chaperone responsible 
for the transfer of clients between them. The connection between the Piwi-piRNA 
pathway and chaperone machinery, 
has not been solved and has 
implications for biological processes 
occurring in all eukaryotic organisms. 
One major mystery in the piRNA 
biogenesis pathway is how Piwi, the 
PIWI family protein that functions in 
the nucleus to perform the piRNA 
pathway’s function, is loaded with 
piRNAs in the cytoplasm and then 
transported to the nucleus for function. 
Aubergine (Aub) and Argonaute 3 
(AGO3), are the other two PIWI family 
proteins in Drosophila melanogaster. Both proteins function in the cytoplasm to 
regulate the population of piRNAs by partaking in the secondary piRNA 
biogenesis pathway, commonly referred to as the “Ping-pong mechanism”. The 
Ping-pong mechanism primarily amplifies the population of antisense piRNAs, 
which are the majority of piRNAs bound to Piwi in the nucleus. It is unknown how 
these piRNAs end up bound to Piwi. Through investigating and characterizing the 
 
Figure 2: Preliminary data and domain architecture of 
proteins involved in hypothesized complex. A. 
Superdex 200 column chromatography  fraction 
showing Piwi and Hop during search for physical 
interactors with Piwi4. B. IP and western blot of Aub 
from Drosophila embryo lysate showing a physical 
interaction between Hsc70-4 and Aub. C. Domain 
architecture of complex proteins. 
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interaction between Piwi and Hop, as well as a novel connection between Piwi 
and Aubergine (Figures 2A and 2B), we aim to lay the foundation for solving the 
question of how Piwi proteins are loaded with piRNAs produced in the “ping 
p o n g ” b i o g e n e s i s 
mechanism(Figure 1).  
 Thus, the goal of this 
project is to characterize the 
physical interaction between the 
co-chaperone Hop, and Piwi 
while also determining if there is 
a complex involving Piwi and 
Aubergine that is facilitated by 
c h a p e r o n e m a c h i n e r y . 
Experiments were performed to 
address the following questions 
about the interaction between Hop, Piwi, Hsp90, Hsc70-4 and Aubergine: What 
are the characteristics of the physical interaction between Hop and Piwi? Does a 
chaperone machinery – piRNA pathway complex occur in order to load Piwi with 
piRNAs produced during biogenesis? What in vivo effects does RNAi knockdown 
of the chaperone components have on the population of piRNAs bound to Piwi? 
 Our overall hypothesis is that Hop has a novel role as a mutual linker 
between Aubergine and Piwi, through their known interactions between Hsc70-4 
 
Figure 3: The implication of our hypothesis and the function of the 
complex. The chaperone machinery facilitate the transfer of ping 
pong produced piRNAs onto Piwi, which is subsequently 
translocated to the nucleus where it functions in transcriptional and 
post translational regulation of genes and the silencing of 
transposons. This complex will solve the elusive mystery of how the 
majority of piRNAs are loaded onto Piwi.
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and Hop, respectively. Figure 3 shows our original hypothesis, and where we 
thought our molecular chaperone-PIWI protein complex functions, downstream of 
the Ping-pong secondary biogenesis pathway. This novel connection would have 
implications not only on how transposable elements are silenced, but also on 
evolution, early developmental processes, and diseases such as cancer, which is 
enhanced by genetic instability and epigenetic misregulation. 
 The Piwi-piRNA pathway is the least understood, yet the most highly 
conserved and abundant RNAi pathway found across Eukarya. Our lab aims to 
add to the ever-growing knowledge based on this fundamental pathway through 
investigating the manner in which piRNAs are produced and used in cellular 
processes. Chaperone proteins and the piRNA pathway work together in an 
unknown manner to ensure that transposable elements are regulated, and we 
are confident that our work will help elucidate the elegant and ancient manner in 
which they interact. This work has major implications on early developmental 
processes, the process of aging (which involves dysregulation of transposable 
elements), and perhaps, most importantly, the role this system plays in Cancer, a 
disease in which genomic instability is established as a major hallmark2.  
2. BACKGROUND 
2.1 Molecular Chaperones of Interest: Hop, Hsp90, and Hsc70 
Chaperone proteins function to fold and unfold proteins and other 
macromolecular structures. Heat shock proteins, Hsp90 and Hsp70 in particular, 
are the most abundant class of chaperones and function under conditions of 
 
 5
cellular stress and elevated temperature. Thus, they play an important role in 
cancer, neurological disorders, oxidative stress, and other forms of non-optimal 
cellular conditions3. Hsp90 is a well-characterized chaperone protein; it is 
responsible for the stabilization and activation of approximately 200 cellular 
proteins. The majority of these proteins are also involved in cellular signaling 
processes. Hsp90 functions along with Hsp70, through a co-chaperone and 
physical linker, Hop, which together make up the Hsp90 chaperone machine4.  
Hop, the Hsp70-Hsp90 Organizing protein 
The Hsp70-Hsp90 Organizing Protein (Hop, STIP1 in humans) is the co-
chaperone responsible for the transfer of client proteins between Hsp70 and 
Hsp90. Hop is evolutionarily conserved in Eukaryotes and is found in both the 
nucleus and cytoplasm5. 
Hop is a monomeric protein 
tha t cons is ts o f th ree 
tetratr icopeptide repeat 
domain regions (TPR1, 
T P R 2 A , T P R 2 B ) , o n e 
aspartic acid-proline repeat 
domain (DP) shown in (Figure 4). The TPR domains interact with the c-termini of 
Hsp90 and Hsp70, with TPR1 and TPR2B binding to Hsp70 and TPR2A binding 
preferentially to Hsp90. The intermediate structures of heat shock machinery are 
difficult to characterize completely because of the transient and fast-paced nature 
of chaperone function6. The physical transfer process and the conformations 
 
Figure 4: Domain organization of Drosophila and Human Hop. dHop 
consists of three sets of 3 TPR domains and one DP domain with a 
linker region between TPR2A and TPR2B. The three sets of TPR 
domains in Hop is conserved throughout eukarya. Human Hop has a 
second DP1 domain between TPR1 and TPR2A 
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involved in Hop’s function have yet to be solved. We are most interested in 
determining the site that Piwi binds to Hop, the implications of this discovery 
would have many benefits, including identification of a possible new domain/motif 
for Piwi binding and new insight into the fleeting client binding interactions.  
Hsp90 
 Hsp90 differs from the other major classes of heat shock proteins because 
of the selectivity of its interactions7. It is known to interact with hundreds of client 
proteins and is the most abundant chaperone protein in the cytosol of eukaryotic 
cells. Hsp90’s client proteins function in cellular signaling pathways and their 
nascent polypeptides are stabilized by its action8. It functions in cancer cells 
aberrantly, by ensuring that oncoproteins, which are often over-expressed and 
highly-mutated function. This has led to the development of an array of Hsp90 
targeting drugs, which simultaneously target its aberrant function, but with the 
unfortunate off-target effect of reducing its function in normal cells. It is regulated 
by its own post-translation modification9. Co-chaperones play an important role in 
the function of Hsp90 by binding to a conserved amino acid motif in it’s C 
terminus, the MEEVD domain. Co-chaperones such as Hop, support Hsp90 by 
directing the folding and activation of client proteins8. 
 Hsp90 has also been implicated in epigenetic processes, both as an 
evolutionary capacitor of phenotypic variation, and a crucial member of the 
enzymatic complex that assembles RNA induced silencing complexes10. In 
Drosophila melanogaster Hsp90 is referred to as Hsp83, and reduction of Hsp83 
function through mutation, chemical inhibition, or induced environmental stress 
 
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has been shown to increase morphological changes. This function of Hsp83 was 
originally stipulated as an effect due to its stabilization of transcription factors and 
signaling clientele that are crucial to early development11. Gangaraju et al. 
showed that an interaction between Piwi, Hsp83, and Hop mediated 
developmental robustness through regulation of the piRNA pathway (and not the 
miRNA or siRNA pathway)1. The function of this complex is summarized in 
 
Douglas M. Ruden. Nat Genet. 2011 Feb; 43(2): 88–89.
Figure 5: A. Hsp83, Hop, and Piwi have been shown to interact in a complex, which suppresses phenotypic variation. 
Together they do this by both ensuring stable epigenetic inheritance and by enhancing genome stability through the 
suppression of transposons. B. A review image showing one hypothesis of the role of the Hsp90-Piwi interaction. 
Hsp90 is thought to maintain Piwi’s phosphorylation in the active non stressed state which allows it to function by 
silencing transposons both transcriptionally and post transcriptionally. In a stressed state, Piwi and Hsp90 are both 
inactive which allows transcription (derepression) of transposons to occur and leads to genomic instability.
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Figure 5A. This regulation of the piRNA pathway ensures that in Drosophila, 
cryptic phenotypes are repressed, and morphology of progeny remains normal1. 
Figures 5B and 5C show one proposed model of how Piwi function is regulated 
by Hsp90 through phosphorylation. When Piwi is phosphorylated signifying its 
functional state, transcriptional and post transcriptional silencing occurs, which 
ensures the repression of transposons, shown in Figure 5B. Under cellular 
stress, Piwi may not be phosphorylated, which would inhibit its function, Figure 
5C.  
Hsc70-4, Heat Shock Protein cognate 4 
Hsc70-4 is a member of the Hsp70 protein family, a highly evolutionarily 
conserved family of 70kda heat shock proteins. It works with Hsp90 and Hop to 
form molecular chaperone complexes. Like Hop and Hsp90, it is also part of a 
transient complex that facilitates the loading of siRNAs into the RNA induced 
silencing complex in Drosophila. Mutations of Hsc70-4 and Hsp83 in Drosophila 
have been shown to severely reduce the assembly of the RISC12. Our lab has 
shown an interaction between Hsc70-4 and Aubergine, one of the three crucial 
argonaute proteins involved in the Drosophila piRNA pathway. Figure 2B shows 
the results of an immunoprecipitation of Aubergine from Drosophila early embryo 
lysate in a search for interactors. Hsc70-4 immunoprecipitated along with 
Aubergine, which was an exciting and unique discovery that is the driving force 
for our project. If Hsc70-4 functions as expected, which is to pass client species 
to Hsp90 through the cochaperone Hop, a new function for the Hsp90-Hsp70 
chaperone machinery is likely.   
 
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2.2 The Piwi piRNA pathway 
RNA induced silencing 
There are three main RNAi 
pathways in Drosophila: the 
micro RNA (miRNA) pathway, 
the short interfering RNA 
(siRNA) pathway and the 
p i R N A p a t h w a y. T h e s e 
pathways are conserved 
throughout higher eukaryotes. 
The b iogenesis of the i r 
respective small noncoding 
RNAs and the function of 
each pathway differs, but all 
t h r e e p a t h w a y s u t i l i z e 
members of the Argonaute 
family of proteins, which are 
c e n t r a l t o e p i g e n e t i c 
maintenance in eukaryotes 
(Figure 6a). The Piwi-piRNA 





Eukaryotic RNAi Protein Conservation
Figure 6: A. Eukaryotic RNA interference pathways all use members of 
the Argonaute family of proteins, which are the fundamental RNA 
binding proteins used in RNAi. The PIWI subfamily of proteins is also 
conserved across Eukaryotes, and in Drosophila melanogaster, the 
three PIWI proteins are Piwi, Aubergine (Aub), and Argonaute 3 (Ago3). 
B. Phylogenetic tree showing the three Drosophila PIWI proteins in 
relation to other model organsms. C. The two main functions of the 
Piwi-piRNA pathway in Drosophila: to silence transposons and the 





understood of the three RNAi pathways, despite piRNAs being the most widely 
distributed and annotated class of small noncoding RNAs. The PIWI family of 
proteins is utilized by the Piwi-piRNA pathway for its two main functions: the 
silencing of transposons, and the suppression of transgenerational 
developmental defects. Figure 6B shows the evolutionary conservation of the 
three PIWI family proteins found in Drosophila melanogaster: Piwi, Aubergine, 
and Argonaute 3, as well as the two functions of the pathway in Drosophila. The 
interaction between Hsp83 (Drosophila homologue of Hsp90) and Piwi is known 
to function in the suppression of developmental defects1, shown in Figure 6C. 
Piwi-piRNA Pathway 
 Piwi was originally discovered during a genetic screen for genes involved 
with germ-line stem cell self-renewal. Piwi knockdown results in severe 
developmental defects, Figure 7A shows one of the main phenotypes seen upon 
Piwi knockdown, Piwi knockdown results in sterile ovaries, and this phenotype is 
observed when piRNA pathway proteins are knocked down. It is the central 
member of the PIWI-interacting RNA (piRNA) binding protein family which also 
includes Argonaute 3 (AGO3) and Aubergine (Aub). Collectively, they make up 
the PIWI clade of the highly conserved PAZ-PIWI Domain (PPD) family. The PPD 
family is divided into two subfamilies, the Argonaute (AGO) subfamily and the 
PIWI subfamily, both subfamilies have RNAi functionality, as the PPD family 
represents the core group of RNA binding proteins13,14. Figure 2C shows the 
domain architecture of the proteins involved in our complex. Both Piwi and 
Aubergine contain PAZ domains which are characteristic of the PIWI protein 
 
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family.  The Argonaute family primarily binds miRNAs and siRNAs, while the PIWI 
family binds piRNAs. The primary function of the three PIWI proteins in 
Drosophila, lies in the silencing of genome-invading transposons. There have 
been secondary functions defined for PIWI proteins including, but not limited to 
regulation of mRNAs and the maintenance of germ-line stem cells. Recently, the 
involvement of this pathway in somatic cells has piqued the interest of 
researchers outside of the stem cell research field as the function of somatic Piwi 
has yet to be elucidated15.  
Epigenetic Roles of the piRNA Pathway 
Heterochromatin is signified by histone H3 lysine 9 (H3K9) methylation across 
eukaryotes. Small RNAs act as guides for the formation of heterochromatin by 
targeting pericentromeric DNA repeat regions for H3K9 methylation which in turn 
silences transcription. Schizosaccharomyces pombe , fission yeast, provided the 
original framework for the RNAi-mediated transcriptional silencing pathway which 
contains only one AGO protein (AGO1),  one Dicer protein (dcr1), and RNA-
dependent RNA polymerase (RdRP; rdrp1+). This work eventually led to the 
‘nascent transcript’ model of transcriptional silencing, after it was discovered that 
an AGO1 complex, pre-programmed with small RNAs guided the targeting of 
specific chromosome regions through the recruitment of H3K9 methylation16. 
Epigenetic memory/continual silencing of targeted gene regions is sustained 
through amplified production of guide RNAs by using the silenced nascent 
transcript as a template for the production of siRNAs which in turn perpetuates 
the RNA interference response. 
 
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 This model of transcriptional 
silencing, which is dependent on 
RNA-dependent RNA polymerase 
(RdRP) was confirmed in S. pombe, 
T. thermophila, and C. Elegans17,18; 
but Drosophila melanogaster and 
mammals lack RdRP, and use the 
piRNA pathway to perform analogous 
transcript ional gene si lencing. 
piRNAs mediate cytoplasmic RNA degradation and DNA or histone methylation 
in the nucleus; and similar to primal RNAs in S. Pombe (priRNAs), they are 
amplified through the ‘ping-pong’ cycle, the piRNA biogenesis pathway 
responsible for the majority of an organism's piRNA population. 
 In Drosophila melanogaster, Piwi is localized to the nucleus, performing its 
function post transcriptionally through acting with AGO3 and Aubergine in the 
ping pong cycle as well as transcriptionally targeting transposons. The 
localization of Piwi, Aubergine, and Argonaute 3 is shown in Figure 7B; Piwi is 
localized to the nucleus where it functions, Aubergine and Argonaute 3 function in 
the cytoplasm, in a region known as the nuage. In Ovarian somatic cells, the 
majority of H3K9 methylation islands correspond to transposon insertion sites, 
and the methylation is Piwi dependent. It has been found that Piwi has a direct 
role in guiding chromatin-state changes, although a direct interaction between 
Piwi and HP1 has been debated, the nature of Piwi’s affect on the state of 
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Figure 7: A. Piwi was discovered in a screen for proteins 
involved in germ line stem cell renewal. Piwi knockdown 
results in severe developmental defects. Figure 7A shows 
the phenotypically sterile ovaries that result upon Piwi 
knockdown. B. Confocal microsc py of Drosophila 
ovarioles showing Piwi, Aub, and go3 localization. Piwi 
localizes to the nucleus, Aub and Ago3 localize to the 
cytoplasm in a region known as the nuage which 
surrounds the nucleus.
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chromatin has been established19,20. Non-canonical transcription from H3K9 
methylated regions of the genome have been observed in D. melanogaster 
ovaries. The transcription of these loci which are a source of piRNA transcripts 
occurs through the recruitment of Rhino, an HP1 family protein, and Cutoff21.  
 Additionally however, studies have shown that with a knockdown of the 
DNA (cytosine-5-)-methyltransferase 3-like (Dnmt3l) gene, the piRNA population 
remains high, which confers the idea that methylation is not the sole factor 
necessary for a piRNA induced silencing loop. This finding differentiates piRNAs 
from other small RNAs and their roles in RNAi-dependent heterochromatin 
silencing through the “nascent transcript” model. A landmark study found that 
piRNAs play a direct role in epigenetic inheritance through maternal deposition, 
without maternal deposition of piRNAs, a phenomena called hybrid dysgenesis is 
observed. It was shown that maternally deposited piRNAs could initiate 
production of piRNAs, through the creation of novel piRNA-generating loci22,23. 
 Recently, a new effect of transposon insertion and the subsequent 
response from the piRNA pathway has been seen which has implications on the 
long term epigenetic state of a eukaryote’s genome. Previously, it was thought 
that the insertion of a transposable element into a genome had effects limited to 
the region the insertion occurs at, but chromatin remodeling near insertion sites 
has been shown to regulate adjacent genes through H3K9me enrichment. 
Transposons have always been linked to a physical disruption of DNA and the 
effects that has on gene expression, but in this study, the authors hypothesized 
that the varying effects of individual transposons may have results in varying 
 
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r e s p o n s e s f r o m p i R N A s a n d t h e i r 
transcriptional silencing24. 
piRNA biogenesis and Transposon 
classes 
piRNA biogenesis occurs in two phases, and 
piRNAs sourcing from the two pathways have 
characteristics that make their biogenesis 
origins distinguishable. Figure 8 shows a 
simplified representation of where piRNAs 
are sourced from in relation to their 
characteristics. Primary processed piRNAs 
typically have a Uridine at the first position, 
this characteristic remains intact in piRNAs 
sourced from the Ping-pong amplification loop that are dependent on Aubergine. 
A 10 position Adenine is characteristic of piRNAs that rely on Argonaute 3 in the 
Ping-pong cycle.  
 In a landmark study by Li et al. in 2009, the PIWI clade proteins (Piwi, 
Aubergine, and AGO3) and their roles in biogenesis of piRNAs that target 
transposable elements were analyzed31. Three general classes of transposons 
were established, transposons deemed “Group 1” were found to require AGO3 
for antisense piRNA amplification; upon an AGO3 knockdown the population of 
antisense piRNAs decreased dramatically. This happened despite the fact that 
AGO3 is known to be bound to sense piRNAs, while Aubergine is primarily bound 
 
Figure 8: piRNAs contain signatures of their 
biogenesis, primary processed piRNAs have a 
U at the 1’ position. piRNAs sourced from the 
secondary biogenesis pathway, the Ping-pong 
cycle, have either a 1’ U if they are Aub 
dependent for amplification, or a 10’ A if they 
are AGO3 dependent. Further more, the 
transposons are targeted by certain 
populations of piRNAs: Group 1 and Group 2 
transposons are targeted by piRNAs sourced 
from the Ping-pong amplification loop. Group 3 
transposons are targeted by primary 
processed piRNAs that are amplified in a Piwi 
only or Piwi:AGO3 dependent fashion.
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to antisense piRNAs. These group 1 transposons are therefore produced through 
“ping-pong” amplification between AGO3 and Aubergine. Group II sense and 
antisense transposon derived 
piRNAs are also dependent 
on and require AGO3, as 
these are piRNAs bound to 
AGO3 during function.  
Group III transposon derived 
piRNAs are produced in an 
AGO3-Aub dependent 
a n d i n d e p e n d e n t 
m a n n e r , a n d t h e r e 
presence therefore reflects 
a non ping-pong pathway 
role for Piwi in their biogenesis. This established that Piwi was most likely 
involved in an alternative pathway that mainly produces antisense piRNAs that 
target group III transposons31.  
 A simplified schematic showing the two piRNA biogenesis pathways in 
relation to the origins of piRNAs targeting group 1, group 2, and group 3 
transposons is shown in Figure 8. When analyzing the dysregulation of 
transposons, it is important to relate the source of piRNAs targeting the 
respective transposon, as it points to what stage of biogenesis is affected. 
 
Iwasaki et. al Nature, May 2015
Figure 9: In the loading of dsRNA to Argonaute 2 for pre processing of 
the (si)RNA induced silencing complex in Drosophila, Hsp83, Hop, and 
Hsc70-4 are part of a transient chaperone-assisted duplex loading 
complex, that extends the dwell time necessary for efficient loading of 
siRNA precursors. This chaperone-assisted duplex loading complex, 
provides evidence that the same molecular chaperone machinery may be 
used in the Piwi-piRNA pathway.
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2.3 Role of Molecular Chaperones in Piwi-
piRNA pathway 
Figure 5A depicts the role of Hsp83 and Piwi in 
the suppression of phenotypic variation. They 
function together to both promote genome 
stability (suppression of transposons) and to 
ensure developmental robustness epigenetically 
through targeting genomic regions for both 
transcriptional and post-transcriptional silencing. 
Figures 5B and 5C, show one review of how 
the interaction between Hsp83 and Piwi is 
regulated. In this review by Ruden et. al, the 
authors show that in a nonstressed, normal 
state, Piwi is phosphorylated by an active Hsp83 
complex and both forms of silencing occur, in a 
stressed state which would result in phenotypic 
variation, Piwi is dephosphorylated and is 
therefore inactive.  
 Hsp83, Hsc70-4, and Hop, have recently been shown to be members of a 
“chaperone-assisted duplex loading” complex that ensures that double stranded 
RNA molecules, which are precursors to siRNAs are loaded correctly and 
efficiently. The way they function in this process (Figure 9) may be similar to the 
transient nature that the same components function in the Piwi-piRNA pathway. 
 
Figure 10: Illustration of complex proteins 
whose knockdowns were investigated in the 
study. Hop and Hsc70-4 were knocked down 
in the germline through Nos-Gal4 driver 
flies.Hsp83 hypomorph flies were used in 
the study as Hsp83 RNAi is not possible. 
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This study suggests strong support for our hypothesis. Figure 11 depicts our 
original hypothesis, but with the piRNAs shown with their signature 
characteristics. We originally expected to see loss of piRNAs sourced from the 
secondary biogenesis pathway, known as the Ping-pong cycle, or Ping-pong 
amplification loop, upon Hop knockdown. We expected a breakdown of the 
Hsp83-Hop-Hsc70-4 interaction which would result in a loss of the transfer of 
secondary processed piRNAs to Piwi for translocation into the nucleus. 
2.4 The Piwi piRNA pathway’s role in disease 
The role of Piwi and piRNAs in cancer is an emerging field, the influx of available 
DNA, transcriptome, and small RNA sequencing data resulting from advances in 
next generation sequencing, have recently been directing researchers to 
elucidate the function of this pathway in cancer. Human piRNA pathway proteins 
 
Figure 11: Our original hypothesis, during primary processing, piRNAs are made from primary transcripts and contain 
a 1’U signature. The majority of the functioning population of piRNAs are produced in the secondary biogenesis 
pathway, known as the “Ping-pong cycle”. The Ping-pong cycle is an amplification loop, the piRNAs sourced from this 
amplification loop either have the 1’U signature if they are aubergine dependent or a 10’A if they are AGO3 dependent. 
These piRNAs are then passed back to Piwi and translocated to the nucleus, bound to Piwi. This post-secondary stage 
of biogenesiss is where Hop, Hsc70-4, and Hsp83 may be functioning.
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comprising Hiwi, one name for the human homologue of Piwi, and other proteins 
are highly overexpressed in seminomas and gastric cancers25,26,27, epithelial 
ovarian cancer28, soft tissue sarcoma29 and so on. In Drosophila, it has also been 




3. AIMS AND OBJECTIVES 
3.1 Aim 1: Explore the implications of asymmetric association of heat 
shock machinery with piRNA pathway proteins. Classical biochemistry and 
molecular biology techniques were used to carry out these experiments. 
Immunoprecipitation assays were used to identify how Hop, Hsp83, Hsc70-4, 
Piwi, and Aub function in an intricate complex by isolating individual interactions 
and building a bottom-up model of the processes involved. The interaction 
between Hop, Hsp90, and Piwi, has been shown but the binding characteristics 
of Hop and Piwi have not been investigated. More importantly, an interaction 
between Aub and Hsc70-4 has been shown, and the link among all five of our 
proteins of interest has yet to be elucidated in vitro. The Hop, Hsp90, Piwi 
complex was reconstituted through our experiments and shown to interact in 
vitro. 
3.2 Aim 2: Characterize the In vivo interface between Hop, Piwi, Hsp90, 
Hsc4 and Aubergine. Transgenic RNAi lines for the three chaperone protein 
molecules in the hypothesized complex have been obtained; these transgenic fly 
lines will be the basis for our in vivo characterization of the complex. Aub and 
Piwi will not be knocked down for our study. Aubergine is necessary for the “ping 
pong” biogenesis of piRNAs, and its knockdown causes a significant loss of the 
general piRNA population, while Piwi was our target for immunoprecipitation. We 
immunoprecipitated Piwi, isolated, and deep sequenced the population of 
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piRNAs that are bound in order to make inferences about whether our complex is 
the missing link in the mystery of Piwi loading.  
4. EXPERIMENTAL PROCEDURE 
4.1 In Vitro Methods 
Bacterial Expression and Immunoprecipitation of Hop and Piwi 
To begin our study of the interaction between Hop and Piwi, we expressed the 
proteins and immunoprecipitated using GST-tagged Hop, followed by western 
blotting to visualize results. For the bacterial expressions, equimolar amounts of 
Hop and Piwi plasmid were transformed into 30µL of BL21 competent E. Coli 
cells by incubating for 15 minutes on ice, performing a heat shock for 40 seconds 
at 42° C, then incubation on ice for 5 minutes. After the incubation on ice, 200 µL 
of LB was added and a 45 minute incubation at 37°C with rotation was 
performed. The cells were then plated on LB agar plates that contained the 
appropriate antibiotics.After an overnight incubation at 37°C, colonies were 
selected for and grown in 1mL of LB overnight in the presence of antibiotic.  After 
the overnight growth, 9 mL of LB with appropriate antibiotic was added  and 
incubated at 37°C with rotation at 250 rpm for two hours. 10 µL of 1M Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) was then added to induce protein 
expression. After three hours, the growth was pelleted by centrifugation at max 
speed for 10 minutes. The supernatant was discarded, and pellets were 
resuspended in 1mL of GST buffer (1x PBS, 150mM NaCl, 0.2% NP40, 20% 
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glycerol, 1mM DTT), 1x protease inhibitor was added followed by lysozyme to a 
concentration of 1mg/mL. This was then placed on ice for 30 minutes, sonicated 
for 15 seconds, and centrifuged for 20 minutes. The supernatant was then 
removed, 20µL was removed for an input sample, and 20µL of GST bead slurry 
was added for immunoprecipitation. After a one hour rotation at 4°C, the beads 
were washed according to protocol three times with 1 mL of GST buffer. After the 
third wash, the beads were centrifuged for 5 minutes, and 20µL of 2x SDS lamelli 
loading buffer was added. The samples were boiled for two minutes, centrifuged 
for 2 minutes at max speed, and the supernatant was loaded on precast 
polyacrylamide gels for western blotting.For western blotting, the PAGE gels 
were run for 40 minutes at 200 V, transferred to PVDF membrane for 30 minutes, 
and blocking in 5% milk was performed for one hour at room temperature with 
rotation. The blocked membranes were then washed three times for 5 minutes at 
room temperature in TBS-T buffer, and placed for o/n rotation in primary antibody 
diluted in TBS-T containing 5% BSA. The membranes were then washed again 
thrice in TBS-T for 5 minutes with rotation, and then incubated with appropriate 
secondary antibody for one hour at room temperature with rotation. Thermo 
Scientific SuperSignal West Pico Chemiluminescent Substrate was then used 
according to protocol to detect the HRP-conjugated secondary antibodies. 
Bacterial Expression and Immunoprecipitation in Presence of Drosophila 
Embryo Lysate Drosophila embryo lysate was used to supplement the bacterial 
coexpression of Hop and Piwi in order to provide accessory proteins that may be 
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required for post-translational modifications that make the interaction between 
Hop and Piwi occur. To prepare the embryo lysate for use, approximately one 
gram of frozen embryos were used to prepare 3 mL of lysate for use in 
immunoprecipitation. 3mL of GST buffer with 30µL of protease inhibitor was 
added to the embryos, and   a tissue grinder set by Wheaton was used to lyse 
the embryos. The “loose” pestle was used for ten strokes, followed by the “tight” 
pestle for ten strokes, and the lysate was then aliquoted into 1.5 mL micro 
centrifuge tubes. The tubes were then spun at full speed for 15 minutes at 4°C. 
The supernatant was then flash frozen or used immediately for 
immunoprecipitation.The protocol previously listed for bacterial expression in 
BL21 E. Coli cells followed by IPTG induction was used, after lysis and 
sonification, 300µL of the expression lysates were diluted with 300µL of embryo 
lysate, and the same GST slurry immunoprecipitation and western blotting 
protocol was performed. As a control 300µL of embryo lysate diluted with 300µL 
of GST buffer was used as a control reaction. 
Individual expression and coexpression of Hop, Piwi, and Hsp83 in TNT T7 
Coupled Reticulocyte Lysate System TnT® Coupled Reticulocyte Lysate 
Systems are used for eukaryotic cel-free protein expression, for our experiments 
we used the TnT® T7 Coupled Reticulocyte Lysate System which uses the T7 
RNA polymerase promoter, for a transcription/translation coupled coexpression of 
our complex. Equimolar concentrations of the respective plasmids were added to 
the TnT T7-coupled  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rabbit reticulocyte lysate system (Promega) and were co-expressed following the 
manufacturer’s protocol. Prior to immunoprecipitation, co-expression lysate was 
diluted to 500 µl with H(0.1) buffer (25mM HEPES-NaOH, pH7.8, 100 mM NaCl, 
0.5 mM EGTA, 0.1 mM EDTA, 2 mM MgCl2, 0.02% NP-40, and 20% glycerol). 20 
µL was removed for input. GST-Hop was immunoprecipitated using the GST 
bead slurry protocol. Myc-Hop was immunoprecipitated using Myc anti-mouse 
(Cell signaling #2276) at a concentration of 1:1000 overnight at 4°C with rotation. 
HA-Hsp83 was immunoprecipitated using HA anti-rabbit (Cell Signaling #3724) at 
a concentration of 1:50 overnight at 4°C with rotation. Protein A/G conjugated 
SureBeads Magnetic Beads by Bio-Rad were used according to standard 
protocol with the exception of using Hepes (0.1) buffer for pre washing and post-
incubation washing of the beads. Standard western blotting then followed.  
 HisG-Piwi  was immunoprecipitated by diluting the TNT reactions in  His 
buffer (1xPBS, 150mM NaCl, 0.2% NP40, 20 mM Imidazole, 20% glycerol), 
followed by addition of 20µL of His bead 50% slurry, and rotation at 4°C for 1 
hour. For His bead elution, 20 µL of 1x PBS + 500mM imadizole was added to 
the washed beads, and incubated at 4°C for 30 minutes. 20µL of 2x SDS was 
then added, and the standard western blotting protocol was followed. 
Post-TNT T7 Coupled Reticulocyte Coexpression Crosslinking with 
Formaldehyde, DSP, and DSS 
 
 24
For formaldehyde crosslinking, after using the standard protocol for the TNT T7 
coexpressions, 5µL of TNT reaction was removed for input, and formaldehyde 
was added to a concentration of 2% then diluted through washing in the 
immunoprecipitation buffer (H (0.1)) to prevent antibody crosslinking. 
 For DSS (disuccinimidyl suberate) non-cleavable crosslinking, 5µL of 
25mM DSS solution was added to make a 2.5 mM final concentration of DSS to 
45 µL of TNT reaction (5µL removed for input). This was incubated for 30 minutes 
at room temperature, followed by an addition of 2.5 µL of 1M Tris-HCl, pH 7.5, for 
15 minutes to quench the crosslinker. 400 µL of H(0.1) buffer was used to dilute 
the coexpression along with 47.5 µL of 10x protease inhibitor. The Myc-Hop 
immunoprecipitation protocol was then used as well as the standard western 
blotting procedure. 
 For DSP (dithiobis(succinimidyl propionate)) cleavable crosslinking, 5µL of 
25mM DSP solution was added to make a 2.5 mM final concentration of DSS to 
45 µL of TNT reaction (5µL removed for input). This was incubated for 30 minutes 
at room temperature, followed by an addition of 2.5 µL of 1M Tris-HCl, pH 7.5, for 
15 minutes to quench the crosslinker. 00 µL of H(0.1) buffer was used to dilute 
the coexpression along with 47.5 µL of 10x protease inhibitor. The Myc-Hop 
immunoprecipi tat ion protocol was then used. For preparing the 
immunoprecipitated samples for western blotting, 2x SDS lamelli buffer without β-
mercaptoethanol was prepared for loading cleaved samples, and normal 2x SDS 
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lamelli buffer was used to cleave and load samples. Otherwise, the standard 
western blotting procedure was followed. 
4.2 Results 
The expression of Hop and Piwi in bacterial cells was successful individually, as 
confirmed by western blotting, but an immunoprecipation using GST-tagged Hop, 
was unsuccessful (Figure 12). This led us to increase the complexity of what was 
present in the reaction in order to provide accessory proteins which may be 
necessary for the interaction to occur. First, we tried the same bacterial 
coexpression, but in the presence of Drosophila embryo lysate, which would 
provide a host of proteins that would mimic the native conditions of the complex 
(Figure 13). This was also unsuccessful, which led us to ask two questions: 
Whether an even more complex expression system was needed? or Whether the 
GST-tag on Hop was affecting the interaction? We next moved to the TNT 
 
Figure 12: Bacterial expressions of both Hop and Piwi were both successful individually as shown in the input lanes in 
this figure. Immunoprecipitation using GST-Hop did not pull down HisG-Piwi.
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reaction which we could use to 
express multiple plasmids, and 
both Myc-Hop and GST-Hop. 
We decided to move further 
using Myc-Hop because the 
Myc tag is a smaller epitope tag 
and is less likely to interfere with 
a complex interaction as the 
number of proteins being 
expressed and probed for 
increased. After a lack of 
success immunoprecipitating a 
Hop + Piwi coexpression even 
with the TNT rabbit reticuloycte 
s y s t e m , w e s t a r t e d 
coexpressing Hop + Piwi + Hsp90 which was within the limits of the TNT reaction 
as up to five plasmids can be expressed simultaneously per reaction. Using the 
TNT reaction, an immunoprecipitation using Myc-Hop resulted in the pull down of 
Hsp90 and Piwi, confirming an interaction between the three proteins (Figure 
14).  
The nature of the complex is most likely a fleeting and transient reaction, so we 
moved towards crosslinking the proteins of interest in order to attempt to capture 
 
Figure 13: Hop and Piwi coexpressions and immunoprecipitation 
using GST-Hop, performed in the presence of embryo lysate. The 
control in lane 1 of the GST western blot was from a previous 
immunoprecipitation that was done without Drosophila embryo 
lysate.
 27
the complex (Figure 15 
shows the expected band 
sizes). This led us to obtain 
f o r m a l d e h y d e , D S S 
(disuccinimidyl suberate), 
a n d D S P 
( d i t h i o b i s ( s u c c i n i m i d y l 
propionate)) crosslinkers, 
which we used to crosslink the TNT coexpression reactions. Formaldehyde 
crosslinker has the shortest spacer arm (~2 Å), and is a very powerful and 
penetrating crosslinker, which 
resulted in a large fraction of cross 
linked IgG, with few if any high 
molecular weight bands when 
western b lo t t ing , ind icat ing 
inconclusive results shown in 
Figure 16A. Next we used DSP, a 
cleavable crosslinker with a 12 Å 
spacer arm to crosslink and 
visualize cross linked and non 
cross linked coexpressions of Hop, 
Piwi, and Hsp83. This resulted in 
higher MW bands that were close to the bands indicating corsslinked complexes, 
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Figure 14: Coexpression of Hop, Piwi, and Hsp83 using the TNT T7 
rabbit reticulocyte system. A serial immunoprecipitation and western 
blotting shows a pull down of all three components as a complex, but 
Figure 15: Expected sizes of cross linked species. Results 
from crosslinking experiments were generally inconclusive 
because heavy chain IgG also cross linked to epitope tagged 
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b u t a g a i n d u e t o 
western blotting using 
H R P - m o u s e a s a 
primary antibody, results 
were inconclusive as 
IgG cross linked to the 
o t h e r p r o t e i n s w e 
probed for, shown in 
Figure 16B.  We then 
moved to crosslinking 
u s i n g D S S , a n o n 
cleavable crosslinker 
with an 11.4 Å spacer arm which showed the best results as immunoglobulin was 
not present in the higher MW bands when probing for the respective tags of our 
proteins of interest. A band was seen at around 150 kDa when probing for Myc-
Hop and HisG-Piwi, which maybe a Myc-Hop, HisG-Piwi cross linked complex, 
this result is shown in Figure 16C.  
4.3 Conclusions 
The in vitro interaction between Hop and Piwi only occurs in the presence of 
Hsp90. This finding is significant for two reasons: it shows that the ATPase 
activity of the Heat shock proteins and their post translational modifications as 
well as the post-translational modifications of Piwi are likely necessary for a 
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Figure 16: The results of the three crosslinking reactions of all Hop, Piwi, and 
Hsp83 after coexpression. A. Formaldehyde crosslinking did not show bands 
of high molecular weight that were significant. B. DSP crosslinking showed 
higher molecular weight bands, but results were inconclusive because when 
immunoblotting for immunoglobulin, it shows that the higher weight bands 
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complex to occur, and it shows the transient 
nature of the interaction which makes it 
similar to the pre-RISC loading complex 
recently published which uses many of the 
same proteins shown in Figure 9.  
In regards to the crosslinking experiments, 
further crosslinking studies must be 
performed to make conclusions, but the 
results were promising. EGS (ethylene glycol 
bis(succinimidyl succinate)), is a crosslinker 
that has been shown to crosslink Hsp90 and 
its client proteins well despite the transient 
interacterions Hsp90 has. It is a cleavable crosslinker with a 16.1 Å spacer 
length, that would be a viable option for further studies. The main conclusion to 
our in vitro studies is shown in Figure 17, all three proteins must be present for 
the complex to occur, and the immunoprecipitation is most likely to result in pull 
down from the Myc-Hop side. 
4.4 In Vivo Methods 
Germline RNAi knockdowns using the Nos-Gal4 driver system of Hop and 
Hsc70-4 were performed, and the Hsp83 08445/08445 hypomorph was selected 






Figure 17: Using the TNT T7 rabbit 
reticulocyte coupled transcription/
translation expression system, we were 
able to pull down the complex from the 
Myc-Hop side, but only if all three proteins 
were coexpressed. This shows the 
transient nature of the complex, and gives 
insight into its function which was 
investigated further in our in vivo studies..
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of interest as well as for a set of transposons that were used to determine 
transposon dysregulation upon reduction of the heat shock proteins using RNAi 
and a hypomorph mutation for Hsp83. Table 1  shows the fly lines obtained from 
the Bloomington stock center that were used in our study. For one of the Hop 
RNAi lines, Hop 32979, a small RNA isolation and sequencing of the total small 
RNA population was performed in order to compare this population to that of wild 
type Oregon R flies.  A Piwi immunoprecipitation followed by an elution and 
sequencing of the small RNA population bound was performed on the Hop RNAi 
fly line (32979) as well as Oregon R wild type flies was also performed.  
Drosophila strains and transgenic lines  
All experiments were performed at 25° C. The nos-Gal4 driver fly strain 
(4937) came from the Bloomington stock center as did the RNAi lines. The 
knockdowns were achieved by crossing 2-5 virgin females from the RNAi 
lines for hop (32979 and 34002) and for hsc70-4 (35684 and 34836) with 
1-3 nos-Gal4 male flies. The parental generation was then transferred to 
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Table 1: Drosophila melanogaster transgenic lines obtained from the Bloomington stock center for use in this study. 
RNAi lines for Hop and Hsc70-4 were obtained for crossing with a Nos-Gal4 driver line that induces germline 
knockdown. Two Hsp83 lines were obtained that harbor hylomorphic mutations that are phenotypically selected for.
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new fly food every four days. As the F1 generation was born, they were 
collected, put on yeast for 1-2 days for preparation for ovary dissection.  
Selection for Hypomorph Hsp83 (08445/08445) Flies 
 The hsp83 (11797) fly line obtained from Bloomington contains a genetic 
balancer TM6, which causes a “tubby” phenotype in the pupae of flies. Non tubby 
TM6 pupae were selected for as they represent the Hsp83 08445/08445 
genotype, expressing the hypomorphic allele.  
Cross of Hsp83 (08445/TM6) with Hsp83 (e6a/08445) Flies 
 In order to achieve a more complete knock out of Hsp83, Hsp83 (08445/
TM6) flies were crossed with Hsp83 (e6a/TM6B). This results in Hsp83 (08445/
e6a) progeny which have a much more significant reduction in Hsp83. Like in the 
previous selection for Hsp83 (08445/08445) flies, non tubby pupae were 
selected. The majority (approximately 90%) of the progeny were males, and 
females had sterile, small ovaries, so only RNA isolation, reverse transcription, 
followed by qPCR to measure transcriptional changes in certain targets was 
performed with these flies. 
RNA Isolation from Drosophila Ovaries and qPCR 
For the isolation of Total RNA from fly ovaries, 5-15 pairs of ovaries were 
dissected from flies that were fed on yeast for a minimum of 36 hours. They were 
dissected into 1x PBS, allowed to settle or centrifuged briefly in the case of 
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ovaries that were abnormally small before performing RNA extraction. RNA 
extraction was performed using TRIzol (Invitrogen) using a slightly modified 
protocol. Ovaries were homogenized using 50 µL of TRIzol and pestles designed 
for micro centrifuge tubes. After homogenization, 100 µL of chloroform was 
added and the solution was vortexed for 15 seconds. A 2 minute room 
temperature incubation was followed by centrifugation at 12,000g for 15 minutes 
at 4° C. The aqueous phase was then carefully transferred to a new tube, and 
250 µL of isopropyl alcohol was added and incubated for 10 minutes at room 
temperature. This was followed by centrifugation at 12,000g for 10 minutes. The 
supernatant was then removed and the pellet was washed with 500 µL of 75% 
ethanol, vortexes and centrifuged once more for 5 minutes at 7,500 g. The 
ethanol was then removed, pellets were air dried for 5 minutes and dissolved in 
30µL of DEPC water.  
For cDNA preparation a High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems) was used according to protocol. For qPCR, SYBR Green qPCR 
master mix (ThermoFisher) was used according to manufactures protocol (20µL 
reactions). OregonR flies were used as a wild type control for qPCR, 
immunoprecipitation reactions, and sequencing. 
Small RNA Isolation  
Isolation of the total small RNA population from Hop RNAi flies was performed 
using a 15% denaturing polyacrylamide gel containing 7M urea. After the PAGE 
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gel was poured, it was prerun for 15 minutes at 20W. Riboready color miRNA 
ladder (Amresco) was used as a marker, and samples were loaded in a 2x 
formamide loading buffer containing 5 mM EDTA and 0.025% (w/v) bromophenol 
blue. Samples were run for 14 minutes at 20W, and the region between the 
marker band slightly below the 20bp marker and the 30 bp marker were carefully 
excised and placed in micro centrifuge tubes. Two technical repeats of the Hop 
RNAi total RNA were run for RNA extraction. 50µL of low salt buffer was added 
and the gel fragments were crushed using a homogenizer then 950 µL of the 
buffer was added and the samples were rotated overnight at 4° C. The tubes 
were then spun down and the supernatant was aliquoted into two tubes 
(approximately 450 µL in each). 45 µL of 3M Na-acetate was then added as well 
as 900 µL of ethanol, and 2 µL of glycoblue. The solution was vortexes and then 
placed in -80° C for three hours before being spun at max speed for 15 minutes 
to elute the pellet. The pellet was then dissolved in DEPC water and the samples 
were submitted for sequencing.  
Piwi Immunoprecipitation for Small RNA sequencing 
75 pairs of Hop RNAi ovaries and 50 pairs of Oregon R ovaries were lysed and 
homogenized in 50 µL of ovary lysis buffer before dilution 10x dilution in the 
same buffer. The lysate was then spun for 10 minutes at 16,000 g at 4° C. After 
spinning, the supernatant was removed carefully avoiding as much fat residue as 
possible. 3 µL of anti-Piwi antibody obtained from the Siomi lab was added and 
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incubated overnight. Agarose beads from pierce were used according to protocol, 
followed by a TRIzol RNA extraction using the previously described method.  
Phospho-Tyrosine Immunoprecipitation and Western Blotting 
25 pairs of ovaries for each genotype were lysed in 50µL of Ovary lysis buffer 
(20mM HEPES, ph 7.5, 100mM KCl, 5 mM MgCl2, 0.1% SDS, 0.1% 
deoxcycholate, 1 % Triton X-100, 1mM dithiothretol, 5% glycerol) containing 1% 
SDS. The lysate was boiled at 95° C for 10 minutes to disrupt protein-protein 
interactions and inactivate phosphates. The lysate was then centrifuged at 
16,000g for 5 minutes, the supernatant was then diluted 10x with Hepes(100 mM 
NaCl) buffer followed by immunoprecipitation. Immunoprecipitation was 
performed with phospho-tyrosine antibody from Cell Signaling at a concentration 
of 1:100. Western blotting was performed using Hop, Piwi, and Hsp90 antibodies 
to visualize differences in phosphorylation of the three proteins between Hop 
RNAi ovaries and Oregon R ovaries. 
4.5 Results 
Hop RNAi Germline Knockdown 
Both Hop fly lines were crossed with Nanos-Gal4 flies to induce a germline 
knockdown of Hop. The knockdowns in both flies (6 biological replicates of Hop 
32979 and 4 biological replicates of Hop 34002) were compared. This was done 
by first extracting the RNA from 5-10 pairs of ovaries, performing reverse 
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t r a n s c r i p t i o n a n d t h e n 
assessing transcript levels 
using qPCR. Figure 18 
shows qPCR changes in 
re lat ive t ranscr ipt ion of 
steady state mRNA. The Hop 
32979 l ine showed the 
strongest knockdown of Hop 
w i t h a 9 0 % r e d u c t i o n 
compared to a 15% average 
reduction in the germline 
knockdown of Hop 34002 flies. Interestingly, a greater than two fold increase in 
Hsc70-4 transcript levels was seen for both lines, as well as a 1.5 and 2.5 fold 
increase in Hsp83 transcript levels for the Hop 32979 and Hop 34002 lines, 
respectively. 
 The greater reduction in Hop mRNA levels observed in the Hop 32979 
RNAi flies led us to choose this line for further study. Hop knockdown was then 
confirmed by western blotting in the Hop 32979 ovaries, shown in Figure 19. The 
knockdown was confirmed by comparing Hop 32979 RNAi to Oregon R ovaries, 
Hop was not seen in Hop RNAi western blots. We did a western blot for Piwi and 
Hsp90 as well, and only one Hsp90 band was seen in Hop RNAi samples, in 
comparison to a doublet observed from Oregon R lysate. Conclusions about this 
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Figure 18: RNA was extracted, and cDNA was reverse transcribed 
from six Hop 32979 and four Hop 34002 RNAi germline knockdowns. 
Hop 32979 saw an approximately 90% reduction of Hop transcript 
levels, and was used for further experiments. Interestingly, Hsc70-4 
transcript levels saw a 2.5 fold change in both lines, along with an 
increase in transcription of Hsp83 both lines.
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change in Hsp83 can not be made at 
this point, but add an interesting 
aspect to our findings. 
 Before performing small RNA 
sequencing on Hop 32979 fly 
ovaries, we compared transposon 
transcript levels between Hop 34002 
and Hop 32979 flies, to see how 
transposon regulation  was affected 
between the two lines. The results 
for this experiment are seen in 
Figure 20. Similar trends were 
seen among the relative steady 
state mRNA transcript levels in both Hop RNAi lines, but the affect was much 
stronger in Hop 32979 RNAi samples, along with a three fold increase in 1360, a 
four fold (compared to two fold) increase in gypsy levels, and a ten fold 
compared to an approximately five fold increase in R1A1 levels. The fact that 
transposon dysregulation and derepression was seen in both lines represents the 
importance of Hop in transposon regulation through its function in the Piwi-piRNA 
pathway. A slight reduction of Hop transcription, and therefore presence in the 
cytoplasm and nucleus had significant effects on transposon regulation. Hop 
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Figure 19: Serial dilution immunoblotting for Hop, Hsp83 and 
Piwi in Oregon R and Hop RNAi  (32979) germline 
knockdown fly ovaries. Hop bands are not seen in Hop RNAi 
samples. An absence of a doublet band for Hsp83 is seen in 
Hop RNAi samples.
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32979 was then used for the deep sequencing, genomic experiments for our 
study. 
Hsc70-4 RNAi Germline Knockdown 
Two Hsc70-4 fly lines (34836 and 35684) were crossed with Nanos-Gal4 flies in 
order to induce a germline knockdown of Hsc70-4. These crosses resulted in flies 
with sterile ovaries, and therefore a lack of the necessary amount of material for 
immunoblotting or immunoprecipitation experiments. Ovaries from the progeny of 
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Figure 20: Transposon qPCR levels normalized to Oregon R transposon transcript levels. Six biological replicates of 
Hop 32979 and four of Hop 34002 RNAi knockdown levels were compared. Dysregulation of transposons was 
observed in both, but RNAi germline knockdown in Hop 32979 samples had a much stronger affect on transposon 
regulation. The dysregulation of transposons observed in both lines showed similar trends despite Hop 34002 having 
significantly weaker RNAi knockdown, this is some of the first in vivo evidence of Hop’s essential role in piRNA loading 
and biogenesis as even a 15% reduction in Hop transcription led to significant transposon dysregulation.
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both crosses were however 
analyzed using qPCR for both 
heat shock genes of interest 
for this study and for an 
overview of the status of 
transposon regulation upon 
knockdown. 5-10 pairs of 
ovaries were dissected for 
each replicate (4 biological 
replicates of each cross), 
RNA was extracted, reverse transcription was performed and qPCR experiments 
were subsequently performed and normalized against OregonR transcript levels. 
 An approximately 50% reduction in Hsc70-4 levels was seen in crosses of 
both strains, Hsc70-4 x nanos-Gal4 (35684 and 34836) when crossed with the 
driver for germline knockdown. Hsp83 mRNA transcripts saw an approximately 
80% reduction and Hop mRNA transcripts saw a 90 % reduction. Figure 21 
shows the qPCR data for the Hsc70-4 lines used. This reflects an interesting 
transcriptional effect of Hsc70-4 deletion, this in combination with the heat shock 
protein qPCR results form the Hsp83 hypomorph and the Hop germline 
knockdown flies requires further study (Figure 15). 
 Transposon qPCR analysis on the hsc70-4 (34836) germline knockdown 
flies, showed significant upgregulation of several transposon transcripts: diver, 
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Figure 21: qPCR analysis showing an average of transcript levels for 
the heat shock proteins of interest in four biological replicates of each 
Hsc70-4 x nanos-Gal4 (35684 and 34836). An approximately 50% 
reduction was seen in both strains when crossed with the driver for 
germline knockdown. Hsp83 mRNA transcripts saw an approximately 
80% reduction and Hop mRNA transcripts saw a 90 % reduction. 
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diver2, gypsy, invader2, R1A1, Rt1a, and Zam when normalized to Oregon R 
transcript levels. This shows a definitive connection between Hsc70-4 and 
transposon regulation (Figure 22). Hsc70-4 knockdown showed 7 transposons 
with derepression signified by transcriptional upregulation, four of the 
upregulated transposons were also affected in Hop germline knockdown: diver, 
gypsy, R1A1, and Rt1a. 
Hypomorph Hsp83 (08445/08445) Knockdown 
An approximate 25% reduction in hsp83 transcript levels was seen when 
Hsp83(08445/08445) flies were selected for (Figure 23A). Hop transcript levels 
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Figure 22: qPCR analysis showing an average of transcript levels for selected transposons in Hsc70-4 germline 
knockdown fly ovaries. Significant dysregulation of diver, diver2, gypsy, invader-2, r1a1, rt1a, and Zam is seen when 
normalized against transcript levels in Oregon R flies.
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were upregulated in these flies, 
a n d m o r e s i g n i f i c a n t l y a n 
approximately 2.5 fold increase in 
hsc70-4  transcript levels was 
seen in these f l i es , wh ich 
correlated with the 2.5 fold 
increase seen in hop germline 
knockdown flies. An overview of 
the transcriptional changes in heat 
shock proteins upon each of the 
knock down scenarios investigated 
is shown in Figure 23B. We 
believe that the comparatively 
lower transposon derepression 
seen in Hop RNAi lines and the 
Hsp83 hypomorphic knockdown 
could be due to a compensatory 
system that reduces the necessity 
of Hop or Hsp83 by increasing 
transcription of the other two molecular chaperones. The transposon target 
qPCR performed for the Hsp83 hypomorph lines is shown in Figure 24.  the 
results correlated well with the dysregulated transposons seen in Hop and 
Hsc70-4 flies. In all three lines RT1A, R1a1,and Zam were upregulated. In order 
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Figure 23: A. Comparison of Hsp83 hypomorph, (Hop 32979) 
and Hop (34002) RNAi line transcript levels of the heat shock 
genes of interest for our study. Hsc70-4 transcript levels saw 
a greater than two fold increase, while Hsp83 transcript levels 
were increased in both Hop RNAi lines. The reduction of Hop 
levels was greatest in Hop (32979) RNAi flies. Transcript 
levels were normalized to OregonR flies. B. Overview of heat 
shock protein transcription under Hop, Hsc70-4, and Hsp83 
knockdowns. We believe that due to less transposon 
derepression seen in Hop RNAi transposon qPCR, that a 
compensatory mechanism might arise signified by the 
increased transcription of Hsp83 and Hsc70-4 in Hop RNAi.
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to make conclusions about the affect this system has on transposon regulation: 
deep sequencing experiments were performed.  
Hop RNAi Total Small RNA sequencing 
Deep sequencing of the overall population of small RNA in Hop RNAi flies 
compared to Oregon R, wild type flies showed a significant reduction in the 
piRNA population (23.1 % to 16.5 % in Hop RNAi) mapping to piRNA clusters. A 
pie chart depicting the proportions of genomic regions that piRNA transcripts 
mapped to in wild type vs. Hop RNAi flies is seen in Figure 25. Upon further 
investigation of the population of piRNAs sequenced, both sense and antisense 
piRNA biogenesis was affected when Hop was knocked down, but a slightly 
stronger affect was seen on the antisense piRNA population when comparing 
 
Figure 24: Transposon target qPCR for the Hsp83 hypomorphic knocdown line. Gypsy, RT1A, and R1A1, saw 
derepression and increased transcription under all three knockdowns performed. 
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normalized reads mapping to the total genome. This was an unexpected result, 
as we originally thought that mainly antisense piRNA populations would be 
affected. Figure 26 shows the results of mapping piRNAs to the genome, in the 
top two boxes 26A and 26B, sense and antisense reads in Wild type (26A) and 
Hop RNAi (26B) are compared. A slight deviation from the normalization line is 
seen towards the antisense side, reflecting an expected higher population of 
antisense reads.  When comparing wild type sense to Hop RNAi sense reads, a 
reduction of the population of sense reads in Hop RNAi is seen, indicating the 
first evidence of a reduction in Hop levels having an affect on the biogenesis, and 
not only the loading of piRNAs, Figure 26C. When comparing wild type to Hop 
RNAi antisense piRNA reads mapping to the genome, a reduction in the 
antisense population is seen in Hop RNAi. 
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Figure 25: Deep sequencing of the overall population of small RNA in Hop RNAi flies compared to Oregon R, wild type 
flies showed a significant reduction in the piRNA population (23.1 % to 16.5 % in Hop RNAi) mapping to piRNA 
clusters. A pie chart depicting the proportions of genomic regions that piRNA transcripts mapped to in wild type vs. Hop 
RNAi flies.
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To further analyze these results, mapping of the piRNA population to transposon 
clusters was analyzed as seen in Figure 27. Wild type and Hop RNAi normalized 
sense vs. antisense reads is shown in A and B. As expected, there was a 
greater abundance of antisense reads mapping to transposons. A slight reduction 
in both sense and antisense reads mapping to transposons is seen when 
mapping wild type sense vs Hop RNAi sense reads (27C), the same effect is 
seen when mapping wild type antisense reads vs Hop RNAi antisense reads. In 
order to make further conclusions about this, the next experiment which involved 
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Figure 26 shows the results of mapping piRNAs to the genome, in the top two boxes 26A and 26B, sense and 
antisense reads in Wild type (26A) and Hop RNAi (26B) are compared. A slight deviation from the normalization line 
is seen towards the antisense side, reflecting an expected higher population of antisense reads. C. When comparing 
Wild type sense to Hop RNAi sense reads, a reduction of the population of sense reads in Hop RNAi is seen, 
indicating the first evidence of a reduction in Hop levels having an affect on the biogenesis, and not only the loading of 
piRNAs,. D. When comparing wild type to Hop RNAi antisense piRNA reads mapping to the genome, a reduction in 




an immunoprecipitation of Piwi and sequencing of the eluted population of 
piRNAs was the next step.  
Piwi Immunoprecipitation and sequencing of bound piRNAs 
Upon deep sequencing of the piRNA population bound to and eluted from Piwi, 
similar changes in the piRNA population were seen with a reduction from 20% of 
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Figure 27. Wild type and Hop RNAi normalized  sense vs. antisense reads is shown in A and B. As expected, there 
was a greater abundance of antisense reads mapping to transposons. A slight reduction in both sense and antisense 
reads mapping to transposons is seen when mapping wild type sense vs Hop RNAi sense reads (27C), the same 





the small RNAs mapping to piRNA clusters in OregonR - Piwi IP to 15.2% in Hop 
RNAi- Piwi IP samples (Figure 28). 
Figure 29 shows the normalized read counts of piRNAs mapping to total genic 
abundance. Figures 29A and 29B show the mapping of the piRNA population of 
sense vs antisense reads in wild type (29A) and Hop RNAi (29B) samples. Less 
of an antisense bias is seen upon sequencing of the population bound to Piwi 
compared to the total small RNA population. Figure 29C shows the abundance 
of sense piRNAs bound to Piwi in wild type vs Hop RNAi conditions, a slight 
reduction in sense populations is seen, signified by a deviation from the 
normalization line. Figure 29D  shows the abundance of antisense piRNAs. 
Figure 30 shows the normalized read counts mapping to piRNA clusters. The 
population of piRNAs bound to Piwi is affected for both antisense and sense 
piRNAs but with a seemingly stronger deviation seen in the sense piRNA 
 
Figure 28: Upon deep sequencing of the piRNA population bound to and eluted from Piwi, similar changes in the 
piRNA population were seen with a reduction from 20% of the small RNAs mapping to piRNA clusters in OregonR - 
Piwi IP to 15.2% in Hop RNAi- Piwi IP samples.
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population. Figure 30A and 30B show sense piRNAS mapped against antisense 
piRNAs mapping to transposon clusters for wild type and Hop RNAi samples, 
respectively. As expected, for all three transposon groups an antisense bias is 
seen, signified by an upwards shift from the normalization line. Figure 30C 
shows the Piwi-immunoprecipitated sense population from wild type mapped 
against Hop RNAi, a slight decrease in piRNAs mapping to all three transposon 
groups is seen, with slightly stronger effects on piRNAs mapping to group 2 and 
group 3 t ransposons. For the ant isense populat ion of p iRNAs 
immunoprecipitated with Piwi, a general reduction in population is seen in Hop 
RNAi samples when compared to wild type, as seen in Figure 30D. The 
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Figure 29 shows the normalized read counts of piRNAs mapping to total genic abundance. A&B show the mapping of 
the piRNA population of sense vs antisense reads in wild type (A) and Hop RNAi (B) samples. Less of an antisense 
bias is seen upon sequencing of the population bound to Piwi compared to the total small RNA population. C shows the 
abundance of sense piRNAs bound to Piwi in wild type vs Hop RNAi conditions, a slight reduction in sense populations 




implications of reductions of piRNAs mapping to specific transposons is 
discussed further in the next section, and in Figures 31B and 31C. We did not 
see as extreme of a reduction in piRNA populations under Hop RNAi as 
expected, for reasons also discussed in the conclusion section.  
piRNA populations mapping to transposons in Hop RNAi - small RNA 
sequencing data compared to transposon qPCR results for  Hop RNAi 
 
Figure 30: A and B show sense piRNAS mapped against antisense piRNAs mapping to transposon clusters for wild 
type and Hop RNAi samples, respectively. As expected, for all three transposon groups an antisense bias is seen, 
signified by an upwards shift from the normalization line. C shows the Piwi-immunoprecipitated sense population from 
wild type mapped against Hop RNAi, a slight decrease in piRNAs mapping to all three transposon groups is seen, with 
slightly stronger effects on piRNAs mapping to group 2 and group 3 transposons. For the antisense population of 
piRNAs immunoprecipitated with Piwi, a general reduction in population is seen in Hop RNAi samples when compared 






Figure 31: A. HetA, accord2, and ZAM are the archetypical transposons representing group 1, group 2 and group 3 
transposons, respectively. For HetA, sense reads are significantly decreased compared to Oregon R, antisense reads 
are also decreased heavily, under Hop RNAi. For accord2, the same trend is seen, but both sense and antisense 
piRNAs mapping to accord2 have similar decreases, these piRNAs are sourced from the Ping-pong cycle, and their 
general decrease indicates Hop involvement in piRNA primary biogenesis. For ZAM, sense reads are heavily affected, 
this is direct evidence for an affect on group 3 transposon targeting piRNAs, which are Ping-pong cycle independent, 
and therefore support a new hypothesis that Hop (and the rest of our molecular chaperone complex) are involved in 
both biogenesis and loading of piRNAs. B. There are 126 documented transposon groups, for sense piRNAs targeting 
these groups, 121 had a significant increase or decrease in biogenesis, with the strongest affects seen in piRNAs 
targeting group 1 and group 3 transposons. For antisense piRNAs targeting transposons, piRNAs targeting 125 of 126 
transposon groups saw significant affects with a similar trend to sense piRNAs. C. Changes in piRNA levels targeting 
group 1 transposons in both the sense and antisense direction reflect Piwi-loading affects due to Hop RNAi, this 





Raw reads of piRNAs for both the Hop RNAi total small RNA sequencing and the 
sequencing of Piwi-bound piRNAs in Oregon R and Hop RNAi samples are 
shown in Figures 31A and 32. Only raw reads of piRNAs mapping to 
transposons whose transcription was measured by qPCR in Hop RNAi ovaries 
are shown in Figure 32. The sequencing data correlates well with the transposon 
data, transposons that were derepressed according to qPCR data showed 
significant changes in raw reads mapping to their genomic regions.  
 HetA, accord2, and ZAM are the archetypical transposons representing 
group 1, group 2 and group 3 transposons, respectively, raw reads mapping to 
these three transposons in Hop RNAi vs wild type are seen in Figure 31A. For 
HetA, sense reads are significantly decreased compared to wild type, antisense 
reads are also decreased heavily. For accord2, the same trend is seen, but both 
sense and antisense piRNAs mapping to accord2 have similar decreases. For 
ZAM, sense reads are heavily affected, the changes in piRNAs mapping to group 
3 transposons are crucial to the modification of our hypothesis, because they 
show evidence that Hop and our molecular chaperone complex is involved not 
only in loading to Piwi but also in the biogenesis of piRNAs. 
 When germline knockdown of Hop is performed a trend is seen where 
sense piRNAs are heavily reduced both when sequencing total RNAs and the 
small RNA population bound to Piwi.  Antisense counts are also affected. Gypsy, 
rt1a, and r1a1, had increased levels of transcription observed in the qPCR of 




Figure 32: Raw read counts of piRNAs 
mapping to the transposon clusters that 
qPCR data was obtained for. When 
correlating raw reads mapping to 
transposons whose mean steady state 
mRNA levels were upregulated in qPCR, 
reductions in both sense and antisense 
raw reads correspond to upregulated 
transposon transcription. gypsy, Rt1a, 
and r1a1 are highlighted, raw reads 
mapping to these transposons under Hop 
RNAi are reduced, but interestingly and 
contrary to our original hypothesis, sense 
reads seem to be reduced in all three 
representing a reduction of biogenesis of 
piRNAs mapping to these regions.
 51
Hsp83. Figure 32 shows that raw counts of piRNAs mapping to these three 
transposons are reduced in Hop RNAi. 1360 and diver both saw increases in 
transcription according to the qPCR data for Hop RNAi, and the raw piRNA reads 
shown here correlate to that data, as a reduction in piRNAs targeting those 
transposons would reflect an increase in transposons. 
4.6 Conclusions 
 
Figure 33: Both piRNA biogenesis and piRNA loading to Piwi is affected under Hop RNAi. This figure is a modified 
conclusion and novel hypothesis for the role of Hop in the Piwi-piRNA pathway. Hop along with Hsp83 and Hsc70-4 is 
likely involved in two stages as a part of a transient molecular chaperone machine that plays a role in biogenesis of 
piRNAs from primary transcripts and in the mediation of loading to Piwi post the Ping-pong cycle. Reduction in all 
populations of piRNAs as well as affects piRNAs targeting all three transposons support this conclusion. Further 
studies including deep sequencing of Hsc70-4 and Hsp83 germline knockdown samples is needed to confirm results.
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Both piRNA biogenesis and piRNA loading to Piwi is affected under Hop RNAi. 
This figure is a modified conclusion and novel hypothesis for the role of Hop in 
the Piwi-piRNA pathway. Hop along with Hsp83 and Hsc70-4 is likely involved in 
two stages as a part of a transient molecular chaperone machine that plays a 
role in biogenesis of piRNAs from primary transcripts and in the mediation of 
loading to Piwi post the Ping-pong cycle. Reduction in all populations of piRNAs 
as well as affects piRNAs targeting all three transposons support this conclusion. 
Further studies including deep sequencing of Hsc70-4 and Hsp83 germline 
knockdown samples is needed to confirm results. 
5. SUMMARY AND FUTURE DIRECTIONS 
5.1 Summary of work completed 
The Piwi-piRNA pathway is an RNA interference pathway that is conserved 
across eukaryotes; it is involved with the maintenance of genomic stability 
through its actions on the germline. We have studied the relationship between a 
complex involving factors in the Piwi-piRNA pathway, Piwi and Aubergine, and 
the Hsp90-Hop-Hsp70 molecular chaperone machinery. Through a series of in 
vitro experiments, we have shown that an interaction between Piwi, Hop, and 
Hsp90 occurs, when all three proteins are present, and that shedding light on this 
interaction could give us insight on how the Piwi-piRNA pathway functions. 
Through in vivo experiments performed, we have shown that germline 
knockdowns of Hop, Hsc70-4, and Hsp83 have impacts on the Piwi-piRNA 
pathway’s ability to perform its function suppressing transposable elements.  
 
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Through deep sequencing of the total small RNA population present under Hop 
germline knockdown, as well as the population of piRNAs bound to Piwi under 
Hop germline knockdown, we have shown the first evidence of molecular 
chaperone involvement in both the biogenesis and the loading of piRNAs.  
This work will open many doors and help elucidate the function and processes 
necessary for the function of the Piwi-piRNA pathway. We aim to continue the 
work by performing deep sequencing experiments on the Hsc70-4 and Hsp83 
germline knockdown samples and to fully assess their impacts on the loading 
and biogenesis of piRNAs.  
5.2 Development of a cancer model to study the Piwi-piRNA pathway in 
cancer using Drosophila melanogaster 
In the future we aim to mimic once-mutations of Hop by creating transgenic fly 
lines that contain mutations that we asses as high impact through online 
databases of cancer mutations and cancer gene expression sequencing data. 
We have created a framework for deciding mutations to mimic by assessing the 
conservation of the amino acid across several species that are used as model 
organisms for cancer studies, in particular we have focused on mutations that are 
conserved in Drosophila melanogaster  and have used site directed mutagenesis 
to perform these mutations in vectors that can be used for transgenic insertion. A 
most commonly associated mutation database has been created for Hop, and is 
updated regularly as cancer sequencing data is added to the TCGA database. 
The transgenic flies will express a phenotype in the eye depending on the effect 
that a mutation has. 
 
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This aim is a unique project for us in a way that we will 
be attempting to model cancer in Drosophila for the first 
time in our lab and use a combination of genomics, 
Drosophila genetics and other tools to characterize 
phenotypes induced by mutations observed in human 
cancers. We reasoned that if Drosophila has 75% of 
human disease related genes, then why not use the 
model system to perform initial studies and then take the 
results to further understand human biology. 
Drosophila’s generation time of 10 days combined with 
its completed genome sequence and easy phenotype 
screening procedures make it an ideal system to 
perform experiments detailed below. In the recent past, 
fly has become a one of the favorite model systems to 
study cancer37. We will focus on our favorite gene of 
interest, Hop, for the following reasons – a) upon 
screening of Catalogue of Somatic Mutations in Cancer (COSMIC) database, we 
realized that human Hop, STIP1, harbors mutations in 69 distinct cancer samples 
(biliary tract, beast, endometrium, hematopoietic and lymphoid, kidney, large 
intestine, liver, lung, esophagus, ovary, pancreas, prostate, skin and urinary 
tract).   Of these mutations 59% are missense, 15% are nonsense and 19% are 
synonymous mutations. In many samples, STI1 is under expressed – breast (9% 
of the samples), endometrium (7%), hematopoietic and lymphoid (5%), large 
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Different mutations of Human 
Hop ortholog identified and 
c o n f i r m e d b y C O S M I C 
database. Far right column 
shows if the mutations identified 
in various cancer samples are 
conserved in Drosophila Hop. 
About 70% of the amino acids 
that are mutated in human 
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intestine (5%), lung (13%). Above numbers indicate that in majority of the mutant 
samples, Hop function is severely compromised; indicating that wild type Hop 
functions as a tumor suppressor b) Hop, as a co-chaperone, has a vast clientele 
and hence our analysis can span across a vast swath of signaling molecules and 
finally c) STIP1 in humans and Hop in fly are highly homologous and 70% of the 
amino acids that are mutated in STIP1 are conserved in fly Hop (Figure ). So far 
four mutations have been replicated and are ready for transgenic injection and 
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Supplementary Figure 1: Melt Curves and Melt peaks 
for the 14 transposon target primers used. One sample 
from each Hop RNAi, Hsc70-4 RNAi, Hsp83 hyporoph, 




Supplementary Figure 3: Under Hop germline knockdown, an unexpected trend is seen where the mean length of 
piRNAs slightly increases, particularly for group three transposons. Some decrease in piRNA length is also seen.
Supplementary Figure 2: Clusters that see a greater than two fold change in log10 reads of antisense piRNAs 
mapped to their locations. The piRNAs mapping to these clusters are most affected in Hop RNAi mutant samples in 
comparison to Oregon R.
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